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INTRO

Identification of signaling pathways for NF2 action is critical not only for understanding NF2 function at the
molecular level, but also for the future development of novel drug treatments. We have identified Hrs
(hepatocyte growth factor-regulated tyrosine kinase substrate) as an NF2 binding protein using the yeast two-
hybrid system. Hrs is also known to interact with STAM (signal transduction adaptor molecule) which in turn
interacts with Jak/STAT kinases. Hrs appears to have growth suppressing functions at least in part mediated via
binding to STAM with a resulting reduction in DNA synthesis. We have verified Hrs-schwannomin interaction
by demonstrating that Hrs can be co-immunoprecipitated using anti-schwannomin antibodies and by showing
that schwannomin can be co-immunopreciptated using anti-Hrs antibodies. We are postulating that the
presence of schwannomin is critical for the stability of Hrs. In addition, we are hypothesizing that
schwannomin is important for Hrs STAM interaction, and is thus involved in Jak/STAT mediated signaling
pathways. '
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The NF2 interactor, hepatocyte growth factor-regulated
tyrosine kinase substrate (HRS), associates with merlin
in the ‘open’ conformation and suppresses cell growth

and motility
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The neurofibromatosis 2 tumor suppressor protein,
merlin or schwannomin, functions as a negative
growth regulator; however, its mechanism of action
is not known. In an effort to determine how merlin
regulates cell growth, we analyzed a recently identi-
fied novel merlin interactor, hepatocyte growth
factor-regulated tyrosine kinase substrate (HRS). We
demonstrate that regulated overexpression of HRS in
rat schwannoma cells results in similar effects as
overexpression of merlin, including growth inhibi-
tion, decreased motility and abnormalities in cell
spreading. Previously, we showed that merlin forms an
intramolecular association between the N-and C-termini
and exists in ‘open’ and ‘closed’ conformations.
Merlin interacts with HRS in the unfolded, or open,
conformation. This HRS binding domain maps to
metlin residues 453-557. Overexpression of C-terminal
merlin has no effect on HRS function, arguing that
metrlin binding to HRS does not negatively regulate
HRS growth suppressor activity. These results
suggest the possibility that merlin and HRS may
regulate cell growth in schwannoma cells through
interacting pathways.

Introduction

Individuals affected with the inherited cancer predisposition
syndrome, neurofibromatosis 2 (NF2), develop schwannomas
and meningiomas with increased frequency (1). Because of
this increased cancer risk, the NF2 gene has been hypothesized
to function as a tumor suppressor gene. Several observations
support this idea. First, ependymomas, schwannomas and
meningiomas from individuals with NF2 demonstrate
homozygous inactivation of the NF2 gene (2-5). In addition,
nearly all sporadic schwannomas and 50-70% of sporadic
meningiomas also demonstrate biallelic inactivation of the
NF2 gene, arguing that NF2 functions as a critical growth
regulator for these cells (6-8). Secondly, overexpression of

wild-type, but not mutant, NF2 in schwannoma cell lines
results in growth suppression (9-11). Thirdly, mice with a
targeted mutation in the Nf2 gene develop malignant tumors
associated with inactivation of both copies of the Nf2 gene (12).

The NF2 gene was identified in 1993 by positional cloning,
and was found to encode a protein termed schwannomin or
merlin (13,14). Comparison of the predicted amino acid
sequence of merlin demonstrated similarity with members of
the Protein 4.1 family of protein and in particular three specific
proteins, ezrin, radixin and moesin (ERM proteins) (15).
Merlin is a 595 amino acid protein with three structural
domains. The N-terminal domain (FERM domain), spanning
residues 1-302, bears the greatest sequence conservation with
the ERM proteins and is believed to mediate interactions with
cell surface glycoproteins, like CD44 and intercellular adhe-
sion molecules ICAMs). The central domain (residues 303-478)
contains a predicted o-helix, which is also found in ERM
proteins. The C-terminal domain of merlin (residues 479-595)
is unique and lacks the conventional actin-binding motif found
in ERM proteins.

ERM proteins have been shown to form both homo- and
heterotypic interactions by virtue of head (N-terminal) to tail
(C-terminal) associations (16-18). These inter- and intra-
molecular associations have been postulated to regulate ERM
activity. Previously, we ‘have shown that merlin forms two
intramolecular associations (10,19). One such interaction

. involves residues in the N-terminal domain, while the second

interaction requires binding of the C-terminus of merlin to
N-terminal domain residues (20,21). We have shown that the
ability of merlin to form these productive intramolecular
associations is critical to its ability to function as a growth
regulator (10,19). Failure to form these associations impairs the
ability of merlin to inhibit cell proliferation and motility (9,10,22).

Studies from a number of laboratories have demonstrated
that overexpression of wild-type merlin, but not merlin
containing NF2 missense mutations, can inhibit cell proliferation
(9,10,23). In addition to cell growth regulation, merlin also
regulates  actin cytoskeleton-mediated functions, such
as spreading, motility and attachment. Previous studies from
our laboratory have demonstrated that regulated merlin over-
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expression dramatically reduces motility and disrupts the actin
cytoskeleton during cell spreading (22). Antisense down-
regulation of merlin also impairs cell attachment and increases
cell proliferation (24). In addition, human schwannoma cells
presumably lacking merlin expression have significant altera-
tions in the actin cytoskeleton and in cell spreading (25),
arguing that merlin may regulate intracellular pathways important
for both growth and actin cytoskeleton processes.

In an effort to determine how merlin functions as a growth
suppressor, several groups have employed yeast two-hybrid
interaction cloning to identify novel merlin interactors (26-28).
One such novel protein, hepatocyte growth factor (HGF)-
regulated tyrosine kinase substrate (HRS) was recently identified
(29). Since HGF is one of the most potent mitogens for
Schwann cells and also promotes cell motility (30), we charac-
terized HRS function with regard to the known properties of
merlin. In this report, we demonstrate that HRS is a specific
merlin interactor and that it associates with merlin via masked
residues in the C-terminal domain of merlin. Moreover, we
show that regulated HRS overexpression mimics the effect of
merlin overexpression in rat schwannoma cells, suggesting
that HRS is a good candidate for a merlin effector protein.

RESULTS

HRS uniquely binds to the C-terminus of merlin

Previously, we had demonstrated that HRS interacts with the
C-terminus of merlin (29). In an effort to determine whether
HRS is a specific merlin interacting protein, we performed in vitro
glutathione S-transferase (GST) pull-down experiments to
demonstrate that HRS does not interact with other ERM
proteins. Whereas merlin binds to both full-length ezrin and
radixin GST fusion proteins, we observed no binding of HRS
to these two ERM proteins (Fig. 1A). Similar results were
obtained with moesin (data not shown). To exclude the possibility
that ERM intramolecular folding masked the ability of ezrin or
radixin to bind HRS, we examined the binding of the C-termini
of these proteins to associate with HRS in vitro. Using merlin—
radixin hybrid proteins, we show that HRS only associates
with the hybrid containing the C-terminus of merlin (radmer),
but not the C-terminus of radixin (merad; Fig. 1B). Neither
merad nor radmer can form intramolecular complexes, and
they are unable to suppress schwannoma cell growth (9). The
ability of merad to bind HRS suggests that the C-terminus of
radixin lacks the residues required for HRS association, in
contrast to radmer, which contains the C-terminus of merlin.
Similar results were obtained with the C-terminus of ezrin
(residues 284-585), which also fails to bind HRS (Fig. 1C).
These results collectively suggest that HRS is a merlin-specific
interacting protein and may be responsible for mediating
merlin-specific functions.

To confirm that HRS binds to the C-terminus of merlin, we
demonstrated that HRS associates with only the C-terminus
(residues 299-595), but not the N-terminus (residues 1-302),
of merlin (Fig. 1D). In addition, radmer contains merlin residues
341-595, thus narrowing the HRS binding domain to residues
341-579 of the full-length protein. This region is distinct from
the binding domains reported for other merlin interacting
proteins.

Regulated overexpression of HRS impairs cell
proliferation and anchorage-independent growth

Previous experiments in our laboratory utilized zinc-inducible
merlin expressing RT4 cell lines (22). Doxycycline regulatable
RT4 cell lines (tTA RT4 rat schwannoma cell lines) have
since been generated by Helen Morrison (Karlsruhe, Germany)
(31,32). To determine whether regulated overexpression of
HRS had similar effects as merlin overexpression, we generated
several RT4 rtTA cell lines expressing full-length HRS under
the control of a doxycycline regulatable promoter. Two clones
(3 and 10) were chosen for further study. As shown in Figure
2A, increased HRS expression is observed within:d h of
doxycycline treatment and peaks at 24 h. We determined the
level of HRS overexpression to be 5-7-fold for each of the cell
lines by scanning densitometry on separate western blots using
the HRS Ab-1080-2 polyclonal antibody (data not shown).

As we had reported previously for merlin, regulated over-
expression of HRS resulted in significant decreases in cell
proliferation as determined by thymidine incorporation (Fig. 2B).
We routinely observed a 1.7-2.7-fold decrease in thymidine
incorporation as a result of HRS overexpression. No changes
in cell death were noted by Trypan blue exclusion, FACS analysis
or the TUNEL method for assessing apoptosis (data not
shown). In addition to decreased cell proliferation, we
observed a 1.8-2.7-fold decrease in anchorage-independent
colony formation in response to HRS overexpression (Fig. 2C).
Lastly, HRS overexpression reduced RT4 cell growth in a
colony formation assay (Fig. 2D). These results argue that
regulated overexpression of HRS results in growth inhibition.

Regulated overexpression of HRS results in abnormalities
in cell spreading and motility

Previously, we had demonstrated that wild-type, but not
mutant, merlin-regulated overexpression results in dramatic
alterations in the actin cytoskeleton during cell attachment, as
well as decreased cell motility (22). To determine whether
HRS overexpression has similar effects on actin cytoskeleton-
mediated processes, we assayed actin cytoskeleton organization
upon cell attachment in RT4 cells induced to overexpress HRS.
As shown in Figure 3A, doxycycline induction of HRS expres-
sion was associated with dramatic changes in the actin
cytoskeleton as determined by phalloidin fluorescence cyto-
chemistry. RT4 cells without HRS overexpression exhibit
cortical actin rims at points of contact with the laminin
substrate, whereas RT4 cells overexpressing HRS have a disor-
ganized actin cytoskeleton and abnormal morphology. Similarly,
HRS overexpression results in reduced cell motility assayed
using a Boyden chamber as described in Materials and
Methods (Fig. 3B). We routinely observed a 26-27% reduction
in cell motility in this assay. The magnitude of the inhibition is
similar to that observed for regulated merlin overexpression
(data not shown).

HRS binds to merlin in the open conformation

Previous work from our laboratory and others has demon-
strated ‘that merlin, like other ERM proteins, exists in ‘open’
and ‘closed’ conformations dictated by the ability of merlin to
form an intramolecular association between the N- and
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adixin hybrid or GST (G) alone. Whereas no binding was

observed between HRS and merad (containing residues 1-340 of merlin), radmer (containing residues 341-595 of merlin) bound to HRS. The bound and
supernatant fractions are shown. (C) HRS does not associate with the C-terminus (residues 284—595) of ezrin (ezrin C-term) in vitro. No binding was observed to
GST (G) alone. The bound and supernatant fractions are shown. (D) HRS associates with the C-terminus of merlin. Radiolabeled N- (M1-302) and C-terminal
(M299-595) fragments of merlin were interacted with GST alone (GST) or GST-HRS [full-length HRS (HRS)] as described in Materials and Methods. Whereas
no binding was detected between N-terminal merlin and either GST or GST-HRS, the C-terminal fragment of merlin (residues 299-595; M299-595) binds

specifically to GST-HRS and not GST alone.

C-termini of the protein (9,16,17,19-21). We further demon-
strated that alterations in the extreme C-terminus of merlin
impair the ability of the C-terminus to bind to N-terminal residues
(e.g. merlin containing residues 1-568 and 1-557 or
containing exon 16) (9). In addition, selected N-terminal
domain mutations (e.g. L64P) also impair the ability of merlin
to form a productive intramolecular association by disrupting
the formation of an N-terminus self-association (19).

Initial experiments using the full-length merlin molecule
failed to demonstrate significant binding to GST-HRS in vitro
(Fig. 4A) and in vivo (Fig. 4B and C). This result is also
reflected in a dramatic reduction in HRS binding using the
yeast two-hybrid interaction system (29). Since merlin
containing exon 16 (merlin isoform 2) was shown to strongly
associate with HRS in the yeast two-hybrid system, we
explored the possibility that HRS binding to merlin might be

unmasked in the open merlin conformation. To demonstrate
this, we used the L64P NF2 missense mutant, which impairs
the ability of merlin to form the N-terminal self-association
required for merlin N-terminal:C-terminal folding (19).
Whereas full-length wild-type merlin, which exists in the
closed conformation, failed to bind significantly to HRS in this
pull-down assay, the L64P merlin mutant demonstrated
binding to HRS both in vitro and in vivo (Fig. 4A and C). These
results suggest that merlin binding to HRS is partially masked
by merlin self-association.

To further define the HRS binding domain within the
C-terminus of merlin, we analyzed the ability of three
additional laboratory-generated merlin deletion molecules.
Merlin truncated at residue 568 (1-568) or 557 (1-557), or
containing an internal deletion between residues 341 and 453
(A342-452) were used in the in vivo interaction assay (Fig. 4B
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Figure 2. Regulated overexpression of HRS results in growth suppression.
(A) RT4 rat schwannoma cells containing the rtTA tetracycline transactivator
were transfected with pUHD-10.3.HRS and two representative clones (3 and
10) were chosen for further study. Upon the addition of 1 pg/ml doxycycline,
an induction of HRS expression was seen over time. HRS was detected using
the X-press antibody by western blot. (B) HRS induction results in a decrease
in RT4 schwannoma cell proliferation in both HRS clones 3 and 10. Cell prolifera-
tion was measured using thymidine incorporation as described in Materials and
Methods. There was 1.65-2.65-fold decrease in thymidine incorporation for
cells expressing HRS compared with uninduced cells. (+) and (-) denote the
addition or omission of doxycycline. The mean and standard deviation for each
condition is shown. The asterisk denotes statistical significance using the
Student’s r-test (P < 0.05). (C) Soft agar growth assays were performed in
quadruplicate as described in Materials and Methods. A 1.8—2.7-fold decrease
was seen in the number of colonies in cells expressing HRS compared with
uninduced cells. (+) and () denote the addition or omission of doxycycline.
The mean and standard deviation for each condition is shown. The asterisk
denotes statistical significance using the Student’s r-test (P < 0.05). (D) Over-
expression of HRS (pcDNA3.HRS) reduces RT4 cell colony formation after
selection for 14 days in hygromycin compared to vector (pcDNA3) alone. The
mean and standard deviation for each condition is shown. The asterisk denotes
statistical significance using the Student’s r-test (P < 0.05).

and C). Whereas wild-type merlin failed to interact with HRS,
significant interactions were observed between all three merlin
mutants and HRS. These results in combination with the
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Figure 3. Regulated HRS overexpression impairs cell spreading and motility
in RT4 schwannoma cells. (A) Induction of HRS was associated with abnormal
spreading within 90 min of plating. as assessed using phalloidin-BODIPY
immunofluorescence. Similar effects were observed for both HRS clone 3 and
10. No eftect was observed with cell lines expressing the blank vector alone
(data not shown). Photomicrographs were taken at 40x. Scale bar denotes 20 .
(B) HRS RTH4 cells were induced with doxycycline overnight and analyzed in
a Boyden chamber motility assay as described in Materials and Methods. A
reproducible 26-27% reduction in cell motility was observed after HRS over-
expression in both RT4 clones. The mean and standard deviation for each condi-
tion is shown. (+) and (-) denote the addition or omission of doxycycline.
Asterisks denote P < 0.05 using the Student’s r-test.

merlin—radixin hybrid data narrow the HRS binding domain to
between residues 453 and 557 in the C-terminus of merlin.

Merlin C-terminal domain binding to HRS does not
impair HRS growth suppression

The fact that merlin binds to HRS in the open conformation
suggested that the interaction of the C-terminus of merlin with
HRS might regulate HRS function. To determine whether
merlin C-terminal binding to HRS reduced the ability of HRS
to inhibit cell proliferation, we generated RT4-regulated HRS-
overexpressing clones that additionally constitutively over-
express the C-terminus of merlin (residues 299-595), either as
the wild-type form, which binds HRS, or as the L535P mutant,
which demonstrates reduced HRS binding in the yeast two-
hybrid interaction system (29). As shown in Figure 5A, one
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Figure 4. HRS binds to the unfolded merlin molecule. (A) GST affinity inter-
action experiments were performed using GST alone (G) or GST-HRS (H) as
described in Materials and Methods. Whereas no binding of wild-type full-

length merlin (NF2.17) to HRS was observed, full-length merlin containing the *

L64P mutation binds to HRS in virro. No significant binding was observed to
GST alone. The bound and supematant fractions are shown for each interac-
tion. (B) ProBind pul-down experiments were performed by transiently trans-
fecting HRS clone 10 with various merlin expression constructs as described in
Materjals and Methods. Full-length merlin (1—595) or merlin truncated at res-
idue 568 (1-568) or 557 (1~557) were transfected and the total protein was
analyzed by western blot (Western) to demonstrate both HRS and merlin frag-
ment expression (left panel). Lysates were incubated with ProBind resin and
bound proteins eluted for SDS-PAGE and western blot using X-press and
WA30 merlin antibodies (right panel). HRS was detected in all three eluates;
however, only merlin truncated at residues 568 or 557 was bound to HRS. Full-
length wild-type merlin did not bind HRS as shown in vitro in Figure SA.
(C) ProBind pull-down experiments were performed by transiently transfect-
ing HRS clone 10 with merlin expression constructs as described in Materials
and Methods. Full-length merlin (1—595) or merlin containing the L64P muta-
tion (1-595 L64P) or missing residues 342-452 (1-595 A342—452) were
transfected and the total protein was analyzed by western blot (Western) to
demonstrate both HRS and merlin fragment expression (middle panel). Lysates
were incubated with ProBind resin and bound proteins eluted for SDS-PAGE
and western blot using X-pfess and WA30 merlin antibodies (upper and lower
panels). HRS was detected in all three eluates; however, only merlin containing
the L64P mutation or internally deleted of residues 342452 bound to HRS.,
Full-length merlin containing the L64P mutation, but not wild-type merlin,
bound HRS as shown in vitro in (A).
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representative clone of each type demonstrate regulated HRS
overexpression. The C-terminal no. 3 and L535P no. 5 clones
additionally overexpress the wild-type and mutant C-terminal
domains of merlin, respectively. The appearance of merlin
C-terminal doublet bands (Fig. 5A) may represent phosphoryla-
tion of merlin (data not shown). To demonstrate that the
C-terminus of merlin binds to HRS in vivo, pull-down experi-
ments were performed using ProBind resin, which recovers the
His-tagged HRS molecule, and eluates were analyzed for
merlin C-terminus association. As shown in Figure 5B, the
wild-type, but not the L535P mutant, merlin C-terminus binds
HRS in vivo. .

Thymidine incorporation experiments were next performed
to analyze the effect of merlin C-terminus domain binding to
HRS on HRS growth suppression. As shown in Figure 5C, no
significant differences in growth suppression were observed
between regulated HRS overexpressing clones containing
wild-type or mutant merlin C-terminal domains compared with
vector controls. These results argue that merlin C-terminal
binding to HRS does not increase or impair the ability of HRS
to regulate cell growth.

Although full-length merlin demonstrated reduced binding
to HRS than the C-terminal construct alone, we explored the
possibility that full-length merlin might interfere with HRS-
mediated growth suppression. In these experiments, we used a
doxycycline-regulatable merlin-expressing RT4 cell line
(clone 6). Similar to our previous studies, regulatable over-
expression of merlin resulted in increased merlin expression
within 4-6 h of doxycycline treatment (Fig. 6A). Merlin induc-
tion is associated with a reduction in RT4 cell proliferation and
anchorage-independent cell growth as determined by thymidine
incorporation (Fig. 6B) and soft agar colony formation (Fig. 6C).
No effect of doxycycline treatment on vector only containing
cell lines was observed (C.A. Haipek and D.H. Gutmann,
unpublished data). The effect of HRS and merlin expression on
RT4 cell growth was determined using a colony formation
assay. Overexpression of either HRS or merlin results in
reduced RT4 colony formation; however, co-expression of
both HRS and merlin was associated with further reduction in
growth suppression (Fig. 6D). These results argue that the full-
length merlin does not interfere with HRS growth suppression.

Loss of merlin expression in sporadic meningiomas is not
associated with reduced or absent HRS expression

Since merlin and HRS exhibit similar functions in RT4 cells,
we explored the possibility that loss of merlin expression in
tumors was coordinately associated with loss of HRS expression.
We chose to examine seven sporadic meningiomas, since 50-60%
of these tumors have bi-allelic NF2 inactivation and lack
merlin expression. In contrast, all sporadic schwannomas lack
merlin expression, and correlations between HRS and merlin
expression would not be possible. As shown in Figure 7, loss
of merlin expression (tumors 2, 3 and 7) is not associated with
loss of HRS expression. Moreover, in tumors where merlin
expression was retained, the level of HRS expression did not
correlate with the level of merlin expression (tumors 1, 4 and
6). These observations suggest that the presence of HRS alone
is not sufficient to compensate for loss of merlin.
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Figure 5. Overexpression of C-terminal merlin fragments does not impair HRS growth suppression. (A) ProBind pull-down experiments were performed by stably
transfecting HRS clone 10 with merlin C-terminal expression constructs (wild-type C-terminus; residues 299-595 and C-terminal merlin containing the L535P
mutation) as described in Materials and Methods. Total protein was analyzed by western blot (Western) to demonstrate both HRS and merlin C-terminal fragment
(M299-595) expression. The merlin C-terminal fragment appears as a doublet (arrows). HRS expression is regulated by the addition of doxycycline, denoted by
(+) and (-). (B) Lysates were incubated with ProBind resin and bound proteins eluted for SDS—PAGE and western blot using X-press and C18 merlin antibodies.
Vector refers to HRS 10 transfected with pcDNA3 alone. HRS was detected in all three eluates. Wild-type C-terminal merlin bound HRS, however, significantly
reduced binding was observed with C-terminal merlin containing the L535P mutation. (C) Thymidine incorporation experiments were performed as described in
Materials and Methods. HRS-mediated growth suppression was observed in all three clones. No significant differences in the magnitude of growth suppression

were observed between these RT4 cell lines.

DISCUSSION

HRS is a specific merlin interactor

Several merlin-interacting proteins have been reported over the
past few years, including actin (33), BIl-spectrin (28), CD44
(34), NHE-RF (sodium hydrogen exchange regulator factor)
(21,27,35) and SCHIP-1 (26). To evaluate the ability of these
interacting proteins as effectors of merlin growth suppressor
function, we sought to determine whether potential merlin
interactors specifically interact with merlin and display some
of the functional properties attributed to merlin. In this report,
we demonstrate that the merlin interacting protein, HRS (29),
specifically interacts with merlin and not other ERM proteins,
and also exhibits all of the functional properties we have previ-
ously attributed to merlin. Based on these data, we propose that
HRS is an attractive candidate for a merlin effector protein
relevant to NF2 growth regulation.

The identification of HRS as a unique binding partner for
merlin suggests that HRS might be involved in mediating
merlin growth suppression. In this report, we demonstrate that
HRS binds specifically to merlin and not to ERM proteins.
HRS is expressed in the same tissues as merlin and associates
with merlin both in vitro and in vivo (29). We define the HRS

binding domain in merlin to between residues 453 and 557
using merlin-radixin hybrids and merlin truncation constructs.
In support of this binding domain localization, HRS binding to
merlin is dramatically impaired by a mutation at residue L535
that is contained within this domain (29). This HRS interaction
region is distinct from the binding domains important for
mediating merlin associations with NHE-RF (merlin residues
1-332) (21,35), SCHIP-1 (merlin residues 1-19 and 289-314)
(26) and CD44 (merlin residues 1-300) (34), but overlaps
partially with BlIl-spectrin binding domain (merlin residues
305-590) (28). Furthermore, this domain is located mostly
within the predicted unique C-terminal domain of merlin (resi-
dues 479-595) which is not homologous to the C-terminus of
other ERM proteins and is separate from the regions involved
in merlin self-association, which involves residues 302308 in
the N-terminus and residues 579-595 in the C-terminus of
merlin (19). :

Merlin binds HRS in the open conformation

Previous work from our laboratory and others has suggested
that merlin exists in open and closed conformations which may
be important for mediating merlin function and associations
(10,19-21,26). We have shown that the ability of merlin to func-
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Figure 6. Regulated overexpression of merlin results in growth suppression.
(A) RT4 rat schwannoma cells containing the rtTA tetracycline transactivator
were transfected with pUHD-10.3.NF2.17 and several clones were chosen for
further study. One representative clone is shown (clone 6). Upon the addition
of 1 pg/ml of doxycycline, an induction of merlin expression was seen over
time. Merlin was detected using the WA30 polyclonal antibody by western
blot. (B) Merlin induction results in a decrease in RT4 schwannoma cell
proliferation. Cell proliferation was measured using thymidine incorporation
as described in Materials and Methods. There was a 2-fold decrease in
thymidine incorporation for cells expressing merlin compared with uninduced
cells. (+) and () denote the addition or omission of doxycycline. The mean
and standard deviation for each condition is shown. The asterisk denotes statis-
tical significance using the Student’s t-test (P < 0.05). (C) Soft agar growth
assays were performed in quadruplicate as described in Materials and
Methods. A 1.5-fold decrease in the number of colonies was seen in cells
expressing merlin compared with uninduced cells. (+) and (=) denote the
addition or omission of doxycycline. The mean and standard deviation for each
condition is shown. The asterisk denotes statistical significance using the
Student’s t-test (P < 0.05). (D) Overexpression of HRS and merlin results in
additive reductions in cell growth. RT4 cells inducibly expressing merlin (RT4
NF2.17 6) were transfected with pcDNA3 (=) or pcDNA3.HRS (+) in the HRS
row in the presence or absence of doxycycline to induce merlin expression
denoted by the (+) or () in the merlin row, respectively. Either merlin (condi-
tion 2) or HRS (condition 3) alone resulted in RT4 growth suppression.
Expression of both merlin and HRS (condition 4) resulted in a further decrease
in cell growth. The mean and standard deviation for each condition is shown.
The single, double and triple asterisks denote statistical significance using the
Student’s r-test (P < 0.05) between each of the conditions.
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Figure 7. HRS and merlin expression are not coordinately expressed in
sporadic human meningioma tumors. Seven sporadic human meningioma
tumors were homogenized and equal amounts of total protein were separated
by SDS-PAGE prior to immunoblotting with the Ab-1080-2 HRS and WA30
merlin antibodies. Three tumors (2, 3 and 7) have absent merlin expression
(denoted by the asterisks), but retain HRS expression. No correlation between
the level of merlin and HRS expression was seen in the four tumors with
retained merlin expression (1, 4, 5 and 6).

tion as a growth regulator or impair actin cytoskeleton-mediated
events is dependent on the formation of two intramolecular
associations involving N-terminal:N-terminal as well as
N terminal:C-terminal interactions. Recent reports have
demonstrated that the ability of merlin to interact with NHE-RF
and SCHIP-1 is also regulated by merlin intramolecular
associations (21,26). Merlin appears to bind both of these
interactors more avidly in the open conformation, suggesting
that merlin folding might mask the SCHIP-1 and NHE-RF
binding sites. Previously, we had shown that merlin isoform 2
containing the ‘unfolded’ exon 16 sequences bound HRS more
strongly than the ‘folded’ merlin isoform 1 containing exon 17
sequences in a yeast two-hybrid interaction assay (29). In this
report, we demonstrate that mutations that disrupt merlin self-
association and result in a protein in the open conformation are
able to bind HRS in vitro. This differential HRS association
argues that merlin intramolecular associations might also influence
HRS binding to merlin.

The ability of merlin to associate with HRS in the open
conformation suggests that merlin/HRS function may be
dictated by changes in the folding of merlin in vivo. Two
events have been implicated in the regulation of merlin
folding. These include the interaction of merlin with inter-
acting proteins and the phosphorylation of merlin. It is possible
that merlin binding to CD44 or NHE-RF permits merlin
unfolding and allows for HRS binding. In this fashion, a
productive merlin~-CD44 interaction might result in growth
suppression through binding to HRS. Alternatively, merlin is
phosphorylated on serine and threonine residues (36) and the
unphosphorylated form appears to be the predominant protein
species under conditions when merlin is active. Support for
this hypothesis also derives from experiments in which the
unphosphorylated merlin preferentially associates with CD44
under conditions of confluency (31,32). It is possible that
phosphorylation of merlin dictates which binding partners
merlin associates with, and in that fashion, regulates cell
growth regulation. Additional studies aimed at determining the
significance of merlin phosphorylation to merlin function and
protein interactions are required.

Regulated HRS and merlin overexpression impair similar
cellular processes :

For HRS to represent a reasonable candidate for a merlin
effector protein, we sought to demonstrate that HRS and
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merlin have similar functional properties. Using regulatable
RT4 cell lines, we showed that HRS overexpression resulted in
reduced cell proliferation and anchorage-independent cell
growth as well as impaired actin cytoskeleton-associated
events. Previous work from our laboratory demonstrated that
regulated overexpression of wild-type, but not mutant, merlin
molecules resulted in decreased cell proliferation as assayed by
direct cell counting, thymidine incorporation and anchorage-
independent cell growth (9,10,19). This growth suppression
was not the result of decreased cell viability as determined by
FACS analysis and TUNEL labeling. In addition, regulated
overexpression of wild-type, but not mutant, merlin molecules
resulted in reduced cell motility and attachment as well as
dramatic alterations in the actin cytoskeleton during .cell
spreading. These results collectively support the notion’ that
HRS might function similarly to merlin; however, further
studies will be required to definitively prove this hypothesis.

Since merlin binds to HRS in the open conformation by
virtue of C-terminal residues, we explored the possibility that
binding to merlin could regulate HRS function. In these
experiments, we found no effect of C-terminal merlin over-
expression on HRS function. Similarly, we also found
no evidence for impairment of merlin growth suppression by
N-terminal (residues 1-480) or C-terminal (residues 480-777)
HRS fragments (C.A. Haipek and D.H. Gutmann, unpublished
results). These observations suggest that it is unlikely that HRS
functions upstream of merlin and raise the possibility that
either (i) HRS is downstream of merlin in a common growth
inhibitory pathway; (ii) merlin and HRS coordinately regulate
different upstream signaling cascades that converge on a
common pathway to regulate cell growth and actin cytoskeleton-
mediated processes; or (iii) HRS binding is required for proper
merlin function and localization. Likewise, merlin binding to
HRS could activate HRS, provide the proper subcellular localiza-
tion required for HRS function or displace a different HRS
binding protein to allow for HRS function.

Merlin and HRS are both expressed in cells that give rise to
the tumors seen in individuals with NF2. Since merlin and
HRS seem to mediate similar functions within the cell, it is
possible that merlin loss is associated with coordinated HRS
loss to result in absent merlin/HRS growth suppression. We
excluded this possibility by western blot in sporadic meningiomas
and demonstrated no correlation between merlin loss and HRS
expression. It is therefore unlikely that retained HRS expression
can compensate for merlin loss.

HRS represents an attractive candidate for a merlin effector
protein. HRS is associated with the HGF signaling pathway,
which has been implicated in both mitogenic and motogenic
regulation in Schwann cells. HGF is one of the most potent
growth factors for Schwann cell proliferation and motility (30).
Since merlin regulates both growth and motility in Schwann
cells, it is tempting to associate merlin with the HGF signaling
pathway. Recent studies have demonstrated a link between
HGF signaling and CD44 function. The HGF receptor, c-met,
can stimulate HA production in a PI3-kinase-dependent
fashion (37) as well as result in increased CD44 expression
(38). In addition, HGF binds to a variant of CD44 (CD44v3) to
promote c-met activation and MAPK activation (39). These
results suggest that merlin may function as a critical growth
regulator for Schwann cells by integrating the CD44 and HGF
signaling pathways. Further studies specifically aimed at

relating CD44 and HGF signaling as well as establishing a
direct connection between merlin and HRS growth suppression
are presently underway.

MATERIALS AND METHODS

Antibodies, cDNA constructs and cell lines

The rabbit polyclonal antibodies that specifically recognize
merlin (WA30) and HRS (ab-1080-2 and X-press tag) have
been described previously (6,29). The merlin and HRS cDNAs
used in these experiments were of human origin. N-terminal
(M1-302), C-terminal (M299-595), merlin ~ fragments
containing residues 1-568 and 1-557 or deleted between resi-
dues 341 and 453 (A342-452), merlin hybrids (merad and
radmer), and missense merlin constructs have been described
previously (9,19). The C-terminal ezrin construct was gener-
ated by cloning a BamHI fragment of the full-length cDNA
(residues 284-585) into pcDNA3.

HRS-expressing RT4 cell lines were established by trans-
fecting RT4 cells containing the rtTA reverse tetracycline tran-
scriptional regulator (developed by H.Morrison) and
puromycin resistance (PBABE.PURO) with pUHD10.3-HRS
and pcDNA3 to confer G418 resistance (31,32). Several inde-
pendent clones were selected in 500 ng/ml G418 and 1 pg/ml
puromycin. Positive clones were screened for HRS expression
using the X-press tag (Invitrogen) upon doxycycline addition,
and two cell lines were maintained for further analysis (HRS
clones 3 and 10). Additionally, wild-type merlin-expressing
RT4 cell lines were generated and positive clones screened for
regulatable merlin expression using WA30. Several clones
were independently isolated and clone 6 is presented. A
complete characterization of these wild-type and mutant
merlin-regulatable RT4 cell lines will be presented elsewhere
(D.H. Gutmann, A. Hirbe and C. Haipek, manuscript in prepa-
ration). RT4 cell lines transfected with pUHD-10.3 vector
alone demonstrated no changes in cell proliferation,
anchorage-independent growth, cell spreading and cell
motility upon the addition of doxycycline. :

Regulatable HRS RT4 schwannoma cell lines were also
transfected with pcDNA3-C-term (residues 299-595) and
C-term.L535P (residues 299-595 containing the L535P
missense mutation) along with pCEP4 to confer hygromycin
resistance. Clones were triply selected in G418, puromycin and
hygromycin. Clones were selected that demonstrated regulatable
HRS expression as well as constitutive C-terminal merlin
expression using the Santa Cruz rabbit polyclonal antibody, C-18.

Thymidine incorporation, colony formation assay, TUNEL
staining and growth in soft agar

Thymidine incorporation was performed as described previously
on subconfluent cultures of RT4 schwannoma cells containing
the doxycycline-regulatable HRS (clones 3 and 10) (9,10). For
HRS induction, 1 pg/ml doxycycline was added to the medium
for 24 h while 1 uCi/ml tritiated thymidine was added for the
last 4 h. Each condition (with or without doxycycline) was
performed in six duplicate wells and cells were harvested in
0.2 M NaOH. Thymidine incorporation was measured on a
scintillation counter and the mean and standard deviation
determined for each condition.



The colony formation assay was performed by transfecting
RT4 cells with equimolar amounts of pcDNA3 (vector),
PcDNA3.NF2  (full-length containing exon 17) and
pcDNA3.HRS (full-length residues 1-777). Cells were then
selected in 200 pg/ml hygromycin for 14 days. Quadruplicate
dishes for each transfection were counted after staining in
0.5% Crystal violet.

TUNEL labeling was performed using the Boehringer
Mannheim in situ cell death (POD) detection kit according to
the manufacturer’s instructions, and visualized using a Nikon
fluorescence microscope.

Soft agar growth assays were performed in quadruplicate
either in the presence or absence of doxycycline. Briefly, 1000
RT4 cells were plated in 24-well plates with medium
containing 0.3% Noble agar for 14-21 days. The number of
colonies was determined by direct counting on an inverted
microscope and the mean and standard deviation determined
for each condition. Each experiment was repeated at least three
times with identical results.

Cell spreading and motility

Glass coverslips were coated with 10 pg/ml of laminin (Sigma)
in PBS overnight at 4°C. Coverslips were then aspirated.
Inducible HRS RT4 cells, cultured in DMEM + 10% FBS were
treated with 1 pg/ml doxycycline for 24 h, and then removed
from dishes by trypsinization. Cells were washed twice in
PBS, resuspended in DMEM + 10% FBS, with and without
doxycycline, and plated onto the coverslips at ~100 000 cells/well.
After 2 h, cells were fixed in 4% paraformaldehyde for 20 min
at room temperature, permeabilized in PBS containing 0.1%
Triton X-100, and stained with BODIPY-conjugated phalloidin
(Molecular Probes, 0.2 U in 50 ul) for 20 min. Coverslips were
then washed in PBS, mounted in 1 drop of Fluoromount G (EM
Sciences), and examined on a Zeiss Axiophot microscope (22).

Cell motility was determined in Transwell chambers
containing 8 U membranes. Briefly, the bottom surface of the
membrane was coated with Matrigel (Collaborative Research)
and 10 000 cells were seeded on the outside of the chamber and
allowed to attach for 1 h. Cells were gently washed and then
the Transwells were inverted for 48 h either in the presence or
absence of doxycycline at 37°C to allow for migration. Cells
were then fixed in cold methanol for 30 min prior to staining
with a LeukoStat staining kit (Fisher Scientific) and counted
visually. The number of migrating cells was counted in quadrupli-
cate and the mean and standard deviation determined for each
condition. Each experiment was repeated at least three times
with identical results.

HRS-merlin interaction in vivo

RT4 schwannoma cells with regulatable HRS expression and
constitutive C-terminal merlin expression were lysed after a 24 h
incubation in the presence or absence of doxycycline. Equal
protein from these lysates was incubated with ProBind resin
(Invitrogen) for 4 h followed by extensive washing in lysis
buffer. Eluted proteins were separated by 10% SDS-PAGE
and blotted with anti-merlin (C-18; Santa Cruz Biotechnology)
and X-press tag antibodies to identify merlin C-terminal fragments
and HRS, respectively. Total lysates were also separated by
10% SDS-PAGE for western blotting with the above antibodies.
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In other experiments, merlin fragments cloned into pcDNA3
were transiently transfected into RT4 HRS clone 10 in the
presence of doxycycline and lysed after 48 h. As above, equal
protein from these lysates was incubated with ProBind resin
(Invitrogen) for 4 h followed by extensive washing in lysis
buffer. Eluted proteins were separated by 10% SDS-PAGE
and blotted with anti-merlin (WA30) and X-press tag anti-
bodies to identify merlin fragments and HRS, respectively.

. Total lysates were also separated by 10% SDS-PAGE for

western blotting with the above antibodies. Each experiment
was repeated at least three times with identical results.

GST fusion protein affinity chromatography -

GST-merlin fusion proteins were generated as described
previously (9,10,19). Briefly, GST, GST-merlin (M8-320),
GST—ezrin, GST-moesin and GST-radixin were transformed
into DE3 (BL21) competent cells for fusion protein produc-
tion. The GST-ERM proteins were kindly provided by
Dr Heinz Furthmayr (Stanford University). The GST-HRS
construct was generated by PCR using primers that amplify the
full-length protein (residues 1-777; HRS-F: 5’-GGATCCCC-
ATGGGGCGAGGCAGC-3’ and HRS-R: 5-GTCAGTCGA-
ATGAAATGAGCTGGGCCTC-3") and subcloned into
PGEX.3X for fusion protein expression. Each construct was
sequenced in its entirety and cloned into pGEX.3X for fusion
protein production. Bacteria were induced overnight in
0.4 mM IPTG at room temperature and GST-merlin fusion
proteins collected on glutathione-agarose beads (Sigma) for
the interaction experiments.

GST fusion proteins were prepared as above for merlin inter-
action experiments with in vitro transcribed and translated
merlin and HRS proteins, as described previously (9,10,19).
In vitro transcribed and translated merlin proteins were synthe-
sized in the presence of [*S]methionine using the TnT
protocol (Promega) according to the manufacturer’s instruc-
tions and detected by autoradiography. In these experiments,
radiolabeled proteins were incubated with equimolar amounts
of GST fusion protein immobilized on glutathione—agarose
beads for 4 h at 4°C. The unbound fraction was saved and the
agarose beads were then washed four times in TEN buffer
(10 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100) and eluted in 1x Laemmli buffer. An equal fraction of
the supernatant and eluted bound fraction was separated by
SDS-PAGE and analyzed by autoradiography. In all experi-
ments, no significant binding was observed with immobilized
GST alone (<2% total bound). Each experiment has been
repeated at least twice with identical results.
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Learning deficits, but normal development
and tumor predisposition, in mice lacking
‘exon 23a of Nf1

Rui M. Costa'*, Tao Yang?**, Duong P. Huynh?3, Stefan M. Pulst?, David H. Viskochil?, Alcino J. Silva!
& Camilynn I. Brannan?

*These authors contributed equally to this work.

Neurofibromatosis type 1 (NF1) is a commonly inherited autosomal dominant disorder. Previous studies indicated
that mice homozygous for a null mutation in Nf1 exhibit mid-gestation lethality, whereas heterozygous mice have
an increased predisposition to tumors and learning impairments. Here we show that mice lacking the alternatively
spliced exon 23a, which modifies the GTPase-activating protein (GAP) domain of Nf1, are viable and physically
normal, and do not have an increased tumor predisposition, but show specific learning impairments. Our findings

have implications for the development of a treatment for the learning disabilities associated with NF1 and indi-
cate that the GAP domain of NF1 modulates learning and memory.

Introduction

NF1 is a commonly inherited, autosomal dominant disorder that
affects approximately 1 in 4,000 individuals. Mutations in the
gene NF] cause several abnormalities in cell growth and tissue dif-
ferentiation, including neurofibromas, café au lait spots and Lisch
nodules of the iris!Z A broad range of learning disabilities are also
associated with NF1 (ref. 3). The protein encoded by NFI, neu-
rofibromin, contains a GAP domain, known to inhibit Ras-medi-
ated signal transduction*, Previous studies showed that mice
homozygous for a NfI null mutation exhibit mid-gestational
lethality, whereas heterozygous mice have an increased tumor pre-
disposition and learning impairments’-®, It is therefore unclear
whether the learning disabilities are associated with developmen-
tal abnormalities or increased tumor predisposition. An alterna-
tively spliced NFI exon, 23a, encodes 63 bp within the
GAP-related domain. Exclusion of exon 23a results in the type I
isoform, whereas inclusion of 23a results in the type II isoform.
The type II isoform has a greater affinity for Ras, but lower GAP
activity than type I (refs. 10,11). To determine the role of the type
IT isoform, we developed a mouse strain specifically lacking exon
23a (Nf1™IChr, hereafter Nf12%4~-). We found that mice homozy-
gous for this mutation (NfI>*~~) are viable and physically nor-
mal, and do not have an increased tumor predisposition. Nf1234-/~
mice, however, have specific learning impairments in hippocam-
pal-dependent tasks (water maze and contextual discrimination)
similar to those previously described for heterozygous null
mutants®. These results demonstrate that the NfI type II isoform
is not required for either normal embryological development or
tumor suppression, but is essential for normal brain function.
Also, they indicate that the GAP-related domain of neurofibromin
modulates learning and memory.

Results

Mice lacking exon 23a are viable and lack Nf1 type Il

We made the exon 23a deletion vector by joining a DNA frag-
ment located upstream of NfI exon 23a to a fragment 3’ of exon
23a, generating a deletion of approximately 300 bp that included
exon 23a (Fig. la). For positive selection of the targeting vector, a
neomycin resistance cassette previously shown not to affect the
transcription or splicing of the surrounding exons!2 was inserted
in the deletion. After electroporation of the targeting vector and
subsequent selection and screening of embryonic stem (ES) cell
clones, 19 independent clones were identified that had the
expected deletion of exon 23a.

Male chimeric mice were generated from two independent
exon 23a deletion ES cell lines using standard procedures!?.
Upon maturity, males derived from each cell line were mated
with C57BL/6] females, and germline transmission of the exon
23a deletion mutation was obtained from both lines. The result-
ing F, progeny were intercrossed to obtain F, mice of all three
genotypes in the expected mendelian ratio. These
(C57BL/6]x129/SvEv) F, animals were used in the experiments
described below. Identical results were obtained from both inde-
pendent lines; therefore, we combined them.

To confirm that the engineered mutation resulted in deletion
of exon 23a, we used RT-PCR from RNA derived from brain
tissue. We determined that the type II isoform was missing from
Nf1#%*~- animals, but present in Nf1234*/+ and Nf1%#+/- animals
(Fig. 1b). Moreover, NfI?%~~ animals seemed to have normal
levels of the type 1 isoform, indicating that the intronic
neomycin resistance gene had no adverse affect on Nfl
expression. Protein extracts prepared from brain tissue were
analyzed by western-blot analysis using two affinity-purified
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anti-neurofibromin peptide antibodies'*: NF1C, which recog-
nizes the C terminus of neurofibromin; and GAP4, which recog-
nizes the 21 amino acids encoded by exon 23a. We determined
that, although all three genotypes express type I neurofibromin,
only Nf12#*/+ and Nf12%+/~ mice express type I (Fig. 1c). These
data demonstrate that the targeted deletion of NfI exon 23a
results in loss of type II neurofibromin. We then performed
immunohistochemical analysis of brain tissue with the GAP4
antibody using Nf123%/~ tissue as a negative control for antibody
specificity. In contrast to previous studies using RT-PCR analy-
sis of mouse cortical cultures'®, we found that type II neurofi-
bromin is not only expressed in glia, but also in mature neurons
in the mouse adult brain, including pyramidal neurons in the
CA3 region of the hippocampus, Purkinje and granule cells in
the cerebellum (Fig. 1d-i).

Nf12337- mice do not have increased predisposition for
tumor formation

We analyzed 28 adult mice (between the ages of 4 and 13 months;
average 8 months) at the histopathological level (13 Nf1234-~, 19
Nf1%**~and 5 NfI1?#+/+). Complete examination revealed that
only 4 of 28 mice had any abnormalities, but no abnormality was
found more than once. One male Nf12%~~ mouse (8 months)

had an enlarged spleen (6 times normal) containing splenic
hyperplasia with expansion of red pulp and increased
extramedullar hematopoiesis. The lung, liver and kidneys
revealed mild interstitial lymphocyte infiltrates. Another
Nf1%35/- male (13 months) had a small liver adenoma (0.3 cm)
and a small lung adenoma (0.3 cm). A NfI%% female mouse (9
months) contained a large intra-abdominal cyst filled with yel-
low serous fluid. Microscopic examination revealed features con-
sistent with endometriosis. Finally, a NfI2%*+~ male (6.5 months)
had an enlarged kidney (2 times normal), which on sectioning
revealed multiple cystic lesions in the medulla and seemed to be a
renal cystadenoma. The remaining 24 mice were found to be
completely normal, indicating that there are neither obvious
genotype-associated pathologies nor an increased risk for malig-
nancy within the first year of life.

Examination of brain sections from all 28 mice stained with
hematoxylin and eosin revealed no gross or microscopic abnor-
malities among the three genotypes. As there have been reports of
astrogliosis in individuals with NF1 and in NfI*~ mice!617, we
investigated the distribution of astrocytes in the brain by immuno-
staining with glial fibrillary acid protein (GFAP) antibody. Overall,
no differences in the GFAP staining pattern or intensity were seen
among the three groups of mice (data not shown).

a b c
exon: 23 23a 24
I I T T ] 4 H-
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Fig. 1 Strategy and analysis of targeted disruptions of Nf7 exon 23a. a, Strategy
for creation of the exon 23a deletion allele, The top line represents the structure
of a portion of endogenous Nf1. The second line represents the targeting vector
in which the Neo cassette (white box) replaces 300 bp of genomic DNA encom-
passing exon 23a. A viral thymidine kinase gene (light stippled box) has been
placed at the 5° end of the construct as above. The third line represents the pre-
dicted structure of the locus following targeted integration of the replacement
vector. b, RT-PCR analysis of wild-type, heterozygous and homozygous mutant
mice at 6 weeks of age. Brain RNA was reversed transcribed using random hexam-
ers followed by PCR amplification using oligonucleotides derived from exon 23
and the junction of exons 24 and 25. ¢, Absence of neurofibromin type Il in exon
23a mutant mice. Mouse brain protein extracts from Nf123a+, Nf123a+-- and
Nf1233++ mice were subjected to western blots using the GAP4 antibody, which
detects type Il isoform (top), and the NF1C antibody which detects both type I and
type Il isoforms (bottom). The GAP4 antibody detects a single 250-kD protein in
wild-type and heterozygous mice, but not in homozygous mutant mice. In con-
trast, the NF1C antibody detects a 250-kD protein in all three genotypes. d-i, Spe-
cific expression on type !l neurofibromin in the hippocampus and the cerebellum.
Mouse brain sections from wild-type (d,f,h) and Nf123a-+ (e,g.i) mice were stained
with GAP4 antibody. In the hippocampus (d,f), high expression of type Il neurofi-
bromin is found in the pyramidal neurons in the CA3 region, but only weak
expression is found in the CA2 and CA1 regions. Type Il neurofibromin is unde-
tectable in the dentate gyrus (DG). £,g, Close-up of the CA3 region. In the cerebel-
lum (h,), the GAP4 antibody strongly labels the cell bodies and dendrites of the
Purkinje neurons. The type It neurofibromin isoform was undetectable in Nf123-~
brain sections (e,g,). Magnifications are as follows: top row, x10; middle and bot-
tom rows, x100; insets, x500. Bars for d,e, 0.5 mm; F-i, 50 pm; insets, 10 pm.
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Because the NfI*/~ mice have increased predisposition for
tumor formation and lower survival rates than wild-type con-
trols®, we aged another cohort of 27 mice (9 wild type, 10
Nf123#+, 8 Nf1?%-) for over two years and analyzed their sur-
vival rates at different ages. No differences were observed in the
survival rates of the different genotypes (Table 1; ¥%6=2.27,
P>0.05). At the age of 27 months, the surviving mice were eutha-
nized and necropsy was performed. One wild-type female had
pus in the abdominal cavity with enlarged spleen and one
Nf12%-/- male had a large (0.5 cm), well-confined mass in the
prostate area, but no consistent pathology was seen among the
three genotypes.

Spatial learning is impaired in Nf1232-- mice

Visual-spatial problems are among the most common cognitive
deficits detected in NF1 patients® and previous results showed
that NfI*/~ mice have abnormal spatial learning’®. To determine
whether the NfI?#~~ mutation affected spatial learning, we
tested these mice in the hidden version of the water maze, a task
known to be sensitive to hippocampal lesions!8. In this task an
animal learns to locate a submerged platform in a pool filled with
opaque water. During training, mice were given 2 trials per day
for 14 days. No differences were observed between wild-type and
mutant mice in floating, thigmotaxic behavior or swimming
speed (wild type=19.9 cm/s, mutants=18.9, F, »,=0.297,
P>0.05). Across days, all animals decreased the time taken to find
the platform (F, 5, =13.914, P<0.05) and no difference was found
between NfI?4~- mice and wild-type littermates (F,5,=2.548,
P>0.05; Fig. 2a). The time taken to find the platform during
training is known to be a poor measure of spatial learning'®.
Therefore, we assessed spatial learning in probe trials in which
the platform was removed from the pool. In 2 probe trial given
after 10 days of training, the wild-type mice searched selectively,

Table 1 ¢ Survival rates of the different genotypes

Age (months) 12 18 24 27
Genotype

wild type 100% 77% 77% 44%
Nf123a+l- 100% 100% 90% 50%
Nf123a-I- 100% 87.5% 75% 50%

We aged 27 mice (9 wild type, 10 Nf123*" and 8 Nf1232--) to 27 months and
analyzed their survival rates at different ages. No differences were observed in
the survival rates of the different genotypes (x2%¢=2.27, P>0.05).

spending significantly more time searching for the platform in
the quadrant where the platform was during training than in the
other quadrants (F; 44=12.242, P<0.05), whereas Nf12%-- mice
searched randomly (Fj 4,=2.716, P>0.05) and spent significantly
less time searching for the platform in the training quadrant than
wild type (F; 2,=6.555, P<0.05; Fig. 2¢). Using another very sen-
sitive measure to assess spatial learning?® (proximity to plat-
form), we verified that wild-type mice searched on average closer
to the exact platform position than to the symmetrically opposite
position in the pool (t;;=-2.612, P<0.05), whereas mutants did
not (t;,=0.709, P>0.05; Fig. 2e).

Previous studies showed that additional training alleviates the
learning deficits in the Nf1*/~ mice. Consistently, following four
additional days of training, the NfI?*%~/~ mice searched as selec-
tively as wild-type controls in a probe test (F=1.301, P>0.05; Fig.
3d). They spent significantly more time searching in the training
quadrant than in the other quadrants (F; 44=15.348, P<0.05) and
searched closer to the exact platform position (t;;=-2.905,
P<0.05; Fig. 3f).

To determine whether deficits in motivation, motor coordina-
tion, or vision account for the abnormalities in spatial learning,

a b
acquisition acquisition
70 hidden platform 70 visible platform
__ 60 __ 60 Fig. 2 Spatial learning in the water maze. a, Nf1232-- mice
O -— Nf123a-/- &g -— Nf123a-/- (n=12) and wild-type littermates (n=12) were trained for 14 d,
2 20 ——WT 240 —o— WT with 2 trials per day in the yvater maze. The average latency to
< 30 H 30 reach the hidden platform is plotted. Escape latencies decrease
- - across days {Fy 2y=13.914, P<0.05) and there is no difference in
- fg = 33 W latencies between mutants and controls during training
(Fy1=2.548, P>0.05). b, After the hidden version of the water
O+——r—— o 0+ T v ? maze, the animals were run in the visible platform task. There
2 4 Gdaya 10 12 14 1 2 t:al 4 5 \t/)vats no diffe;;jence in |a§ency to ge(; to traespgaiorrgse):cross triails
etween wild-type and mutants (Fy 14=0.30, P>0.05). ¢, Results
of a probe trial given after 10 days of training. The percentage
day 10 day 14 of time animals spent searching in each of the training quad-
[ d rants is shown. ANOVA shows that there is an effect of per-
time in quadrant time in quadrant centage time spent in quadrant for wild type (F344=12.242,
© 60 P<0.05). Post-hoc analysis show that wild-type mice spent sig-
8 50 owWT nificantly more time searching in the training quadrant than in
e 40 | Nf123a-/- any of the other quadrants (Fisher PLSD, P<0.05). Mutants did
3 not search selectively in any of the quadrants (F3,44=2.716,
T30 1 10 T, S P>0.05) and spent significantly less time searching in the train-
o 20 ing quadrant than wild type (F 3,=6.555, P<0.05). d, Probe trial
E1o0 given after 14 days of training. Both mutants (F3,44=15.348,
<0 P<0.05) and wild type (F34,=23.110, p<0.05) searched selec-
° tq ar al op tively and spent significantly more time searching in the train-
) ing quadrant than in any of the other quadrants (FishelrdPLSD,
P<0.05). e, During the probe trial given at day 10, wild-type
proximity proximity mice searched on average closer to the exact position qf the
0 otq 70 otg platform during training than to the symmetric position in the
13 mop [3 mop opposite quadrant (ty,=-2.612, P<0.05), whereas mutants did
560 260 not (t;,=0.709, P>0.05). f, Probe trial day 14. Both mutants and
F 2 wild type searched on average closer to the exact platform
E 90 : E 50 * > position than to the opposite position in the pool {t;;=-2.905,
540 540 P<0.05; t,,=-6.71, P<0.05). Dashed line indicates random
s 8 search (25% in each quadrant). *Significant difference, P<0.05.
30 . 2307 30+ WT N123a7 tq, training quadrant; ar, adjacent right quadrant; al, adjacent
WT Nft - o
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Fig. 3 Contextual discrimination. a, Percentage
of time spent freezing in chamber A (shock con-
text, filled) versus chamber B (no-shock context,
open bars) shown for each of the three testing
days. Wild-type mice spent significantly more
time freezing in the chamber where they were
shocked than in the other chamber on each test
day (day 1, A=66.8, B=47.4, t3=2.407, P<0.05; day
2 A=78.0, B=51.2, 3=5.873, P<0.05; day 3,
A=77.2, B=52.2, t3=4.890, P<0.05), showing that
they discriminate between the two chambers.
Nf1233- mutants did not discriminate between
the chambers (day 1, A=47.5, B=43.3, 15=0.603,
P>0.05; day 2, A=70.5 B=53.5, tg=1.839, P>0.05)
during the first two days of training, but they
finally discriminated after three days of training
(A=62.4, B=44.8, 13=2.534, P<0.05). b, Specificity
of the conditioned freezing. After training in
contexts A and B, mutants and wild-type mice
were tested in chamber A and a novel chamber,
C. Both mutants (A=66.6, C=3.1) and wild-type
(A=73.7,C=3.8) showed similarly robust freezing
in chamber A (shock context, biack bars,
Fy,15=0.637, P>0.05) and essentially no freezing
in chamber C (nove! context, gray bars,
Fy45=0.111, P>0.05). ¢, Memory consolidation
does not seem to be impaired in the mutants
because both mutant (open bars) and wild-type
controls (filled bars) exhibited similar levels of
freezing (wild  type=77.1, mutants=73.5,
F1,15=0.111, P>0.05) when re-exposed 35 days
later to the same chamber where they were
shocked. *Significant difference, P<0.05.
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the same animals were tested in the visible platform version of the
water maze, a task that is not affected by hippocampal lesions!8. In
this task, animals must locate a platform marked with a visible
cue. Both mutant and wild-type control mice acquired the task
similarly, as the times taken to reach the visible platform were not
different between the groups (F, |,=0.030, P>0.05, Fig. 3b).

Nf1232-- mice are impaired in contextual discrimination
We confirmed the water maze results using another hippocam-
pal-dependent task, contextual discrimination?!. In this task
animals are required to discriminate between two similar cham-
bers, one in which they receive a mild foot shock (chamber A)
and another in which they do not (chamber B). Contextual dis-
crimination is assessed by measuring the time spent ‘freezing’
(that is, without any bodily movement aside from respiration)
in each chamber. Throughout training, wild-type mice froze
significantly more in the chamber where they were shocked
than in the other chamber (P<0.05 for all three days), showing
that they discriminate between the two chambers (Fig. 3a). In
contrast, during the first two days of training, Nf123¢~/- mutants
did not discriminate between the chambers (P>0.05 for both
days). Nf1?%*/~ mice finally discriminated between the cham-
bers after three days of training (day 3, t;=-2.534, P<0.05), con-
firming that, just as with spatial learning, additional training
can overcome the learning deficits. When tested in chamber C,
which is very different from the training chambers, both wild-
type and mutant mice showed little or no freezing (Fig. 3b).
This demonstrates that the freezing responses in chamber B are
probably triggered by the cues shared with chamber A. The
Nf1#*~ mutation does not seem to affect long-term memory,
because mutants and controls had similar levels of freezing
(F15=0.111, P>0.05) when tested 35 days after training (Fig.
3¢). Also, the ability to freeze seems to be unaffected by the
mutation. In chamber A, both baseline freezing (wild type, 9.0;
Nf1%+", 6.7, F|5=0.264, P>0.05) and freezing after foot-
shock delivery (F; 15=3.495, P>0.05) were similar between wild
type and mutants. :
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Nf1232- mice have delayed acquisition of motor skills
Some individuals with NF1 show delayed acquisition of motor
skills and motor coordination problems®. To determine whether
the Nf12%~/~ mutation affects motor function, we tested the mice
on an accelerating rota-rod?»?* (440 r.p.m. in 300 s). Nf2%/-
mice fell off the rotating rod sooner than wild-type mice
(Fy,17=4.84, P<0.05; Fig. 4a). This motor coordination impair-
ment is not due to greater fatigue in the mutants because, at an
intermediate, constant speed (14 r.p.m), mutants and controls
showed no differences in latency to fall from the rotating rod
(F,.16=0.262, P>0.05; Fig. 4b).

The effects of the Nf1233~- mutation are specific

It is unlikely that the learning deficits in these mice are caused by
generalized neurological problems or poor motor performance,
as swimming speed, ability to freeze, ambulance (hind paw
analysis®®), exploratory behavior (open field??), muscular
strength (wire hang?*) and body weight (data not shown) were
not affected by the mutation.

Just as NF1 patients do not show learning deficits in all tasks,
the NfI%*/~ mutation did not affect all forms of learning. When
tested in the social transmission of food preferences?, a task that
assesses the capability of an animal to remember a food smelled
in the breath of a littermate, NfI?**/~ mijce learned as well as
wild-type controls (tz=3.23, P<0.05; Fig. 5). This is relevant
because the brain regions required to solve this task?$ are differ-
ent from the ones required for the water maze'® and contextual
discrimination?!, revealing that the effects of this mutation are
specific.

Discussion

Neurofibromin is a complex protein that is implicated in a num-
ber of biological processes, including growth, differentiation,
learning and memory. Accordingly, inactivating mutations of
NF1 in humans and mice results in a wide spectrum of symptoms
ranging from increased tumor predisposition to learning disabil-
ities?”. NF1 encodes several distinct isoforms of neurofibromin.
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Fig. 4 Motor performance in the rota-rod. a, Accelerating rota-rod. Wild-type
and Nf12337- were given § trials in an accelerating rota-rod (4-40 rpm. in 5
min) during 1 day. All subjects showed an increase in the latency to fall across
trials (Fy47=13.3, P<0.05) indicating that they improved their performance
across trials. In average mutants fell off the rotating rod sooner than the wild
type (Fy,17=4.84, P<0.05). b, Constant speed rota-rod. The mice were given four
trials at a lower constant speed (14 r.p.m. for 5 min) during one day. Under
these conditions, mutants and controls showed no differences in latency to fall
from the rotating rod (Fy,15=0.262, P>0.05).

Here we have demonstrated that one isoform, type II, is impor-
tant for brain function, but not for embryological development
or tumor suppression. It is possible that other alternatively
spliced exons (such as exon 9a) expressed postnatally in forebrain
neurons2, also have a role in mechanisms underlying learning
and memory. Our data indicate that the learning deficits caused
by mutations that inactivate NFI in mice and humans are not a
result of developmental deficits or undetected tumors. Instead,
they suggest that the learning deficits in individuals with NF1 are
caused by the disruption of neurofibromin function in the adult
brain, a finding with important implications for the development
of a treatment for the learning disabilities associated with NF1.
Exon 23a modifies the GAP domain of NF1. Thus, our results
indicate that modulation of the Ras pathway is important to
learning and memory. These data are consistent with previous
findings. First, patients carrying a missense mutation that specif-
ically eliminates the Ras-GAP activity of neurofibromin have
learning disabilities?®. Second, pharmacological disruption of the
downstream Ras target MAPK disrupts learning in rodents.
Third, a deletion mutation of Ras guanine-nucleotide-exchange
factor (Ras-GRF) also affects learning and memory in mice3!. In
addition, NfI-null mutations are known to elevate Ras-GTP
(refs. 32,33), and cause learning disabilities®. These results sug-
gest that either abnormally high or low Ras-GTP levels affect
learning and memory. It has been shown that type I neurofi-
bromin has higher GAP activity and lower affinity for Ras than
type 11 (refs. 10,11), offering the possibility that the ratio between
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the two isoforms modulates Ras signaling. Because NfI type I
and type II isoforms are expressed in some of the same popula-
tions of cells in the adult brain, and the relative expression of
these two isoforms in neuronal cultures is subject to modulation
by extrinsic factors, such as NGF (ref. 34), we propose that differ-
ential expression of these two isoforms may have a role in fine-
tuning Ras activity in the central nervous system.

Although the neurological and cognitive deficits associated
with NF1 are pleiomorphic and incompletely penetrant (only
about half of individuals show learning disabilities), spatial
problems are the most common abnormality associated with
this condition. Although it is unclear whether the same brain
systems underlie the spatial phenotype in mice and humans, it is
important to note that both the heterozygous null NfI mutation
and the Nf123¢~ mutation primarily result in incompletely pen-
etrant spatial learning deficits in mice. Additionally, NF1 muta-
tions can result in motor coordination problems in both mice
and humans. These compelling parallels demonstrate the use-
fulness of mouse models to understand the etiology of learning
deficits in NF1.

Methods

Targeted deletion of exon 23a. The exon 23a deletion vector was made by
joining a 5° upstream 4.8 kb BsrFI fragment containing exon 23 to a 3’
downstream 4.6 kb BstBI-(NotI) fragment containing intronic sequence.
This resulted in a deletion of approximately 300 bp of genomic DNA,
which included exon 23a. A neomycin selectable marker (KT3NP4) was
inserted between the two fragments in the opposite transcriptional orien-
tation relative to NfI and a PGK-TK cassette was placed at the 5° end of the
construct. CJ.7 cells®® were cultured and electroporated with linearized
vector using standard conditions®, and then plated onto gelatin coated
dishes in media containing ESGRO (1,000 w/ml; Gibco BRL). After 24 h,
the culture medium was changed to include 250 1g/ml active concentra-
tion of Geneticin (Gibco BRL). After 48 h it was changed again to include
0.7 uM FIAU (0.7 pM; Oclassen Pharmaceuticals). Seven days after elec-
troporation, 500 Geneticin- and FIAU-resistant colonies were picked and
expanded on mouse embryo fibroblasts in the presence of Geneticin. We
isolated genomic DNA from ES cells as described?’. Aliquots of the DNA
(5 ug) were digested to completion with BamH], then electrophoresed
through 0.8% agarose gels, transferred to Hybond nylon membranes
(Amersham) and subsequently screened using a 0.5-kb EcoRI-Spel frag-
ment mapping 5 to the limit of homology. Autoradiography was carried
out at ~70 °C using Kodak XAR film. We found the expected replacement
event in 1 of every 9 clones. We selected two independent clones to derive
chimeric mice according to standard procedures'.

RT-PCR. We pretreated total brain RNA (10 pg) with DNase 1 (Gibco
BRL). Half of the reaction was subsequently used to synthesize first-
strand cDNA with Superscript II reverse transcriptase (Gibco BRL) and
random primers (Gibco BRL). The other half of the reaction was manip-
ulated in parallel in the absence of RT. We used one-twentieth of the +RT
or -RT reactions to program PCR reactions using the following condi-
tions: 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl,, 0.125 mM of
the four dNTPs, 1 unit Tag DNA polymerase (Boehringer) and 4 uM each
of the primers 5-GCGGAACCTCCTTCAGATGACTG-3" and
5'-GCTCTGAAGTACCTTTGAC-3". PCR amplification conditions were
as follows: 95 °C for 4 min, followed by 40 cycles of 94 °C for 1 min, 55°C
for 1 min, and 72 °C for 2 min. The final cycle was followed by 2 10-min
extension period at 72 °C.

Genotyping. To genotype genomic DNA isolated from the exon 23a
deletion mice, we used three oligonucleotide primers: Nf23a,

Fig. 5 Social transmission of food preferences. After 15 min of interaction with
demonstrator mice, both wild-type and mutant mice showed robust socially
transmitted food preference (wild type, cued=0.58 g, non-cued=0.12 g,
tg=3.16, P<0.05; Nf1232, cued=0.65 g, non-cued=0.09 g, tg=3.23, P<0.05). Even
with shorter interaction times (5 min), no differences were observed between
mutant and wild-type mice (data not shown).
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5'-GCAACTTGCCACTCCCTACTGAATAAAGCTACAGTAAAA-3"; intron
23a,  5-CCACTCACATGACCCGCAAACG-3; and  KT3NP4,
5-GGAGTTGTTGACGCTAGGGCTC-3". PCR conditions were the
same as above except of the following changes: 25 l reactions were used
containing 400 ng each of the 3 oligonucleotide primer. PCR of DNA
from wild-type animals resulted in a 450-bp fragment; from homozygous
mutant animals, a 520-bp fragment; and from heterozygous animals,
both a 450-bp and a 520-bp fragment.

Western blot. Mouse brains were homogenized in triple detergent buffer
(100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5 mM
deoxycholic acid, 1% SDS, 50 ng/ml Pefabloc, 2 U/ml aprotinin, 1 mM
EGTA, 2 pg/ml pepstatin) and spun for 1 h at 100,000g at 4 °C. Protein
concentration was determined using the Bradford Protein Detection kit
(Biorad). Western blots were performed on the same day of protein
extraction by first precipitating protein extracts (100 ug) with acetone,
which was then dissolved in 1XSDS-PAGE sample buffer and run on a
4-20% premade SDS-PAGE (Biorad) for 1 h. Proteins were then trans-
ferred to Amersham nitrocellulose filter overnight at 4 °C in western-blot
buffer. The filters were then probed with either GAP4 or NF1C antibod-
ies (1 pg/ml) using a chemiluminescent kit according to manufacturer’s
instructions (Amersham). Both GAP4 and NFIC were previously
characterized!4.

Pathology. Age- and sex-matched adult mice were killed and internal
organs removed for analysis. After gross examination, the tissues were
fixed in 10% neutral buffered formalin. Representative tissue sections
were dehydrated, embedded in paraffin, sectioned (5 um), mounted on
slides and stained with hematoxylin and eosin.

Imunohistochemistry. For the GAP4 antibody imunohistochemistry, the
mice were infused through the heart with DPBS, followed by 2% para-
farmaldehyde in DPBS. The brains were then removed and processed for
paraffin embedding. We cut 5-im sections. Sections were boiled in sodi-
um citrate (10 mM, pH 6) for 10 min to unmask the GAP4 antigenic site,
blocked with avidin/biotin and 3% normal goat serum. Sections were
then incubated with affinity-purified GAP4 antibody'* overnight at 4 °C.
Primary antibodies were detected using the Vector rabbit ABC elite Per-
oxidase kit (Vector), enhanced by DAB enhancer, and visualized with
diaminobenzidine (DAB) (Biomedia). The sections were then counter-
stained with aqueous hematoxylin (Xymed). The same basic procedure
~was used for GFAP staining using an automated immunohistochemistry
stainer (Ventana Medical System 320, and rabbit anti-cow GFAP anti-
body (Dakopatts) at 1:1,200 dilution as a primary antibody.

Animals. For the behavioral experiments, we used group-housed males
and females. The experimenters were blind to the genotype of each ani-
mal during the experiments. All the protocols used were approved by
UCLA’s Animal Research Committee.

Water maze. The basic protocol for the water maze experiments has been
described?®. Our pool is circular with a 1.2-m diameter and the platform
has an 11-cm diameter. The water is made opaque with non-toxic white
paint and maintained at 27 °C. The movement of the mice is processed by
a digital tracking device (VP118, HVS Image). During the hidden plat-
form test, the platform was submerged (1 cm) below the water surface
and maintained in the same place throughout training. The mice were
given 2 trials every day (60 s ITI) for 14 d and the starting position was
varied from trial to trial. In the probe trials given after 10 and 14 d of
training, the platform was removed and the mice were allowed to search
for it for 60 s. In the visible platform test, a distinct symmetrical cue
(black and white golf ball) was fixed 5 cm above the center of the sub-
merged platform. The animals were given 5 trials during 1 day (30 min
ITI); the starting position and the platform location were pseudo-ran-
domly varied from trial to trial.

Contextual discrimination. The contextual discrimination experiments
were performed as described?!. Chambers A and B were similar, both
with grid floors and located in sound attenuating boxes in dimly lit
rooms located outside the vivarium; and they were modified to have
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some unique features (location, geometry, background noise, odor).
Chamber C, which shared no obvious cues with chambers A and B, was
located in a room inside the mouse vivarium and was brightly illuminat-
ed. This experiment consisted of three stages: pre-exposure (1 d), train-
ing (1 d) and testing (3 d). Each mouse was habituated to contexts A and
B for 10 min before training started (day —1). The next day (day 0) ani-
mals were placed in chambers A and B for 3 min (the order was bal-
anced), and after 150 s a mild foot-shock (0.75 mA for 2 s) was delivered
in chamber A but not in chamber B. During the 3 consecutive testing days
animals were placed in each chamber and the amount of freezing during
the initial 150 s was measured. Freezing was assessed every 5 s: mice were
scored as freezing if they were immobile (cessation of all bodily move-
ment aside from respiration) for 2 s. On each of the testing days animals
were shocked after 150 s in chamber A but not in chamber B. Context
specificity was tested 24 h after the end of the contextual discrimination
task by placing the animals in chambers A and C and measuring the
amount of freezing. Long-term memory was assessed 35 d after the end of
the contextual discrimination task.

Rota-rod. For the accelerating rota-rod task using 2 rota-rod (Ugo Basile
7650) accelerating from 4 to 40 r.p.m. in 300 s. 5 trials (35 min ITI) during
the same day were given. For the constant speed rota-rod task, animals
were given 4 trials (5 min) during the same day, with the rota-rod rotating
at 14 r.p.m. The latency for the animals to fall from the rota-rod was mea-
sured. If the mice initiated passive rotation (that is, grabbed the rotating
rod with all four paws and avoid falling) that was considered a fall.

Social transmission of food preferences. This task was performed as
described?>26. Mice were shaped to eat ground chow from a metal cup.
First, a demonstrator mouse was removed from each cage and food
deprived for 24 h. The demonstrator mouse was then allowed to eat
scented food for 1 h and placed back in the cage for a period of 15 min to
interact with the other mice in the cage (observers). After this, observers
were food-deprived for 24 h. Finally, observer mice were tested for their
preference in a 1-h test in which they had a choice between the food they
smelled on the demonstrator’s breath and another scented food. The
amount of each food eaten (g) was measured. The demonstrated scents
were pseudo-randomly assigned to each cage of mice.

Statistical analysis. A two-way ANOVA with repeated measures was used
to analyze the acquisition data from the water maze and rota-rod tasks.
To analyze the performance in the water maze probe trials we used a sin-
gle-factor ANOVA on the percentage time in quadrant; post-hoc com-
parisons between quadrants were performed when there was an effect of
quadrant. Planned comparisons using a paired ¢-test were used to analyze
the contextual discrimination data, the proximity data in the water maze
and the social transmission of food preference data.
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